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Quantitative assessment of network depolymerization in archetypal superionic glasses and its
relationship with ion conduction: A case study on Na2S-GeS2
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The properties of xNa2S-(100-x)GeS2 glasses, which represent promising systems for all-solid-state batteries,
are thoroughly investigated from a variety of experimental and theoretical techniques. The ionic conduction is
measured as a function of composition. It reveals a powerlike behavior with a threshold composition found at low
Na content. In contrast, temperature evolution suggests a typical Arrhenius behavior indicative of Na motions
achieved by jumps between neighboring sites. Three particular compositions (0%, 33%, and 66% Na2S) are
characterized by a combination of x-ray diffraction and density functional based molecular dynamics. Different
structural properties are measured and calculated, such as structure factors, pair distribution functions, angular
distributions, coordination numbers, and neighbor distributions. The comparison with experiments reveals a
rather good agreement in real and reciprocal space. The short-range order is found to consist of a base network
made of GeS4/2 tetrahedra (with Ge and S coordination numbers being of about 4 and 2) that are progressively
depolymerized upon Na addition that also leads to a breakdown of the ring structure. Na coordination numbers
are loosely defined, especially at high Na content. Typical features of alkali-modified silicates are also found,
such as the presence of channel-like dynamics, a bond-length distribution that is different between Ge and
bridging or nonbridging sulfur, a distribution Qn of Ge tetrahedra having n bonding sulfur, and a decoupling at
low temperatures between network species (Ge, S) and Na dynamics. However, unlike such archetypal glasses,
sodium thiogermanates contain homopolar Ge-Ge bonds that are specific to Ge chalcogenides and which lead to
isolated (Ge2S6)6� anions at high Na content.

DOI: 10.1103/PhysRevB.108.144205

I. INTRODUCTION

A carbon-free renewable energy future requires the devel-
opment of a new generation of electrochemical energy storage
systems such as vehicular propulsion, nomad application, and
load leveling of temporal renewable energy harvesters such as
wind turbines and solar photovoltaic and solar thermal sys-
tems [1]. Despite the current success of lithium batteries, their
dependence on flammable liquid electrolytes and on a rather
expensive element (Li) whose natural abundance is very low
requires the development of new battery systems, including
batteries using an amorphous electrolyte.

Na-ion all-solid-state batteries are, therefore, a promis-
ing alternative to lithium batteries as they would be
cheaper and much safer because they would not suffer
from leakage, volatilization, or flammability. Sodium has a
standard electrode potential comparable to lithium and is
among the most abundant elements. However, the develop-
ment of all-solid-state batteries is challenging. Solid elec-
trode/electrolyte interfaces quickly deteriorate during charge
and discharge processes. Another drawback in developing

all-solid-state devices is the low conductivity level of solid
electrolytes. Among sodium fast-ion conductors, glasses such
as Na2S-SiS2 or Na2S-GeS2 appear attractive given the large
polarizability of the sulfur atoms and have received some
attention, as these materials can accept significant changes in
compositions without any vital change in volume.

On the particular Na2S-GeS2 (N-G) system, early experi-
mental studies [2–4] have shown that Na2S can be added to
the base glass network former GeS2 from 0% up to 60% by
melt-quenching technique, and forms stable glasses with glass
transition temperatures between 250 ◦C–280 ◦C, and whose
tetrahedral character and structure have been characterized
by different methods, from spectroscopic [3,5,6] to x-ray
and neutron scattering [7,8]. The N-G system whose phase
diagram has been characterized [9] seems to display a ten-
dency to phase separation (like in archetypal alkali silicates
[10,11]) and devitrification at low modifier content [12] and
some elevated annealing temperature (600 ◦C). As in many
other modified oxides or chalcogenides [11,13], elementary
building blocks of the glass structure are, indeed, made of
so-called Qn species (i.e., Na(4−n)⊕GeS�

4 tetrahedra) where
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n = 4 represents the number of bridging sulfur (BS) atoms per
Ge tetrahedra in the base glass GeS2. Upon Na2S addition, the
structure depolymerizes [14], indeed, by creating nonbridging
sulfur (NBS) atoms having Na ions in their vicinity. For alkali-
rich compositions, this induces structures with more and more
Q1 and isolated Q0 units (no BS at all), which enhance ionic
conduction. The latter property has also been examined at
room temperature [4] with composition and an increase in
ionic conductivity σ with Na content was acknowledged, as σ

increased substantially from 10−8 to 10−5 �−1 cm−1 between
30% and 60% Na2S [2]. The evolution with temperature ap-
pears to be of Arrhenius type, i.e., σT ∝ exp[−EA/KT ]. This
result has been confirmed from more recent measurements
[8]. Concerning their oxide counterparts, thiogermanates also
seem to display a marked optical nonlinearity [15] and rep-
resent, therefore, promising materials for the incorporation
of rare-earth ions in optical applications [16]. However, pho-
toinduced phenomena that modify the glass structure and
properties [17] might limit such possibilities.

Molecular simulations within density functional theory
(DFT) appear to be very helpful in decoding the macroscopic
behavior or properties and the structure functions that provide
only an overall characterization of the system. Efforts in this
direction have been only approximate. In a first and detailed
attempt to model GeS2 and sodium thiogermanate glasses
from ab initio simulations [18–20], Jund and coworkers have
used a non-self-consistent DFT scheme building on the Har-
ris functional [21,22] implemented within the local density
approximation (LDA). Results which have been refined since
then from a more rigorous basis [23] were rather unexpected
due to the large number of coordination defects (threefold co-
ordinated sulfur), small amounts of homopolar Ge-Ge bonds
found in the glass, including at low Na content [19]. A more
recent effort [8] has been using reverse Monte Carlo (RMC)
fits to get a structure compatible with x-ray scattering mea-
surements of 50Na2S-50GeS2 (NS). The resulting unrelaxed
configuration was then used for low temperature (600 K) and
extremely short time (5 ps) investigations using DFT simula-
tions to infer a crude description of the ion dynamics.

There is, therefore, much to learn from a more rigorous
approach building on the full plane-wave basis as performed
for the network former GeS2 [23,24], in a combination of an
enhanced methodology taking into account (i) increased sys-
tem sizes concerning previous work [19], (ii) improved DFT
modeling in the spirit of the results obtained for the network
formers [23,24] with a generalized gradient approximation
(GGA), and (iii) aspects of relaxation that are not handled at
all in certain studies [8] with statistical averages performed
within linear response theory to extract transport and electric
properties.

We present an extended experimental and theoretical in-
vestigation of the Na2S-GeS2 glass and liquid system by
performing a thorough experimental and theoretical analy-
sis. X-ray scattering indicates a profound alteration of the
network structure at elevated Na content that substantially
modifies the structure functions in real and reciprocal space.
With temperature, the conductivity measurements reveal for
Na-containing compositions ionic conduction of Arrhenius
type, whereas additional measurements at different temper-
atures for a much larger number of compositions allow the

identification of a power-law increase of σ after a spe-
cific low threshold composition xc � 1.0%, and a nearly
smooth increase which differs from previously investigated
sulfide electrolytes. The theoretical investigation of GeS2,
Na2S-2GeS2 (NG2), and 2Na2S-GeS2 (N2G) permits the
validation of the DFT model structures from a direct compar-
ison with the x-ray scattering results. The resulting analysis
suggests a network that loses its medium-range ordering
(ring statistics) and increases the void density by up to
nearly 50% at significant Na content. In contrast, the cal-
culated Qn speciation is similar to the one encountered
in corresponding isochemical oxides. Finally, evidence for
preferential pathways (channels) is evidenced together with
isolated (Ge2S6)6� anions that contain homopolar Ge-Ge
bonds. Taken together, these results highlight the central role
played by network depolymerization that promotes ion con-
duction, which is found to be as large as 10−4 �−1 cm−1.

II. METHODS

A. Glass preparation

The investigated samples were xNa2S-(100-x)GeS2 glasses
with x� 66%. Bulk glasses (x� 60) were prepared from high-
purity (4 N) elements by the melt-quenching technique. The
materials were synthesized by placing the powdered elements
in stoichiometric proportions (for a total batch of �0.5 g) in a
cylindrical quartz ampoule that was evacuated up to a pressure
of 10−5 mbar and then sealed. The tube was subsequently
heated in a furnace with a low heating rate of 10 ◦C/h up
to 950 ◦C, held at this temperature for eight h, and finally
quenched into a mixture of ice and water to obtain the glassy
materials.

The ball-milling technique was used to synthesize the
66Na2S-34GeS2 glass. Stoichiometric ratios of the Na2S
(Sigma-Aldrich) and GeS2 (precursor prepared in the labo-
ratory) reagents were intimately mixed in a mortar and pestle
and placed in a 20-mL ZrO2 ball-milling jar along with 80
(diameter = 5 mm) ZrO2 balls. The batch weighed 3 g, with
a ball-to-powder weight ratio of 11/1. The jars were placed in
a planetary ball mill (Pulverisette 7 Premium Line, Fritsch) in
an argon atmosphere in a glove box to reduce oxidation. The
synthesis of this sample was done in three steps. We started
at 60Na2S-40GeS2 composition, and by addition of Na2S, we
went to 63Na2S-37GeS2 and then to 66Na2S-34GeS2. 12 rota-
tion cycles of 3 h (36 h of milling) at 510 rpm were scheduled
with break and milling the block between each cycle. After
every two cycles, a small amount of the powder (0.1 g) has
been taken out for x-ray diffraction (XRD) analysis.

B. X-ray diffraction

The experimental structure factors S(k) and the atomic
pair distribution function g(r) of these archetypal glassy elec-
trolytes are investigated from x-ray total scattering (XRD).
Measurements were performed at room temperature with a
dedicated laboratory setup based on a Bruker D8 advance
diffractometer (λ = 0.709 318 Å) equipped with a molybde-
num sealed tube and a rapid LynxEye XE-T detector. This
setup was modified to maximize collected intensities, mini-
mize spurious signals from the empty environment, and obtain
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good counting statistics up to a large scattering vector length
of kmax = 17.2 Å−1. For each sample, a small amount of
powder was placed in a thin-walled (0.01-mm) borosilicate
glass capillary of sufficiently small diameter (about 0.5 mm)
to limit the absorption effects. The μR values (R being the
radius of the capillary and μ the linear attenuation coefficient
of the sample) were estimated, using precise measurements
of the mass and dimensions of the samples, to be 0.80, 0.85,
and 0.65 for GeS2, NG2, and N2G, respectively. Once sealed,
the capillary was mounted on a goniometric head and ad-
justed so that its axis coincides with the goniometer axis of
the diffractometer. The data acquisition consisted of several
scans in the 0◦–152◦, 50◦–152◦, and 100◦–152◦ ranges with
a step size of 0.01◦. The scans were subsequently merged,
leading to a total equivalent acquisition time of about 120 h
per sample. Raw data were corrected, normalized, and Fourier
transformed using a homemade software [25] to obtain the
sample’s atomic pair distribution function g(r). The correc-
tions included capillary, empty environment, Compton and
multiple scatterings, absorption, and polarization effects. The
x-ray mass attenuation coefficients, atomic scattering factors,
and Compton scattering functions needed for data correction
and normalization were calculated from tabulated data pro-
vided by the DABAX database [26]. The absorption correction
was evaluated using a numerical midpoint integration method
where the cross section of the sample is divided into a set of
small subdomains following a method similar to that proposed
by Soper and Egelstaf [27]. The normalization constant was
determined using the high-angle method so that the coherently
scattered intensity oscillates weakly around the sample’s av-
erage atomic scattering factor at high values of the scattering
vector length (from kmax/2 to kmax).

C. Conductivity

The ionic conductivity of the xNa2S-(100-x)GeS2 glasses
was determined by complex impedance spectroscopy (CIS).
The pellets of chalcogenide glasses (10 mm in diameter)
were obtained by applying a force of 2.5 tons for 25 min.
Then, the platinum electrodes were sputtered on their parallel
opposite faces to ensure electrical contact. Electrical measure-
ments were conducted using a Solartron SI-1260 impedance
analyzer over the frequency range 10 MHz–10 Hz, with
an applied root-mean-square AC voltage of 500 mV. These
measurements were carried out under primary vacuum, at
temperatures below the glass transition temperature Tg in the
range 300–433 K.

Electrical conductivity data are obtained from complex
impedance spectroscopy analysis. Resistances (R) of the sam-
ples are taken from the intercept of the impedance response
with the real axes at low frequency, and the DC conductivity
is calculated according to the relationship σDC = e/RA, where
e is the thickness and A is the area of the sample.

D. Molecular dynamics

First-principles molecular dynamics (FPMD) simulations
(Car-Parrinello scheme [28]) have been performed on the
three compositions GeS2, NG2, and N2G within a canoni-
cal (NVT) ensemble using the same DFT simulation scheme

FIG. 1. Typical snapshots at 300 K of the investigated 300
atomic amorphous xNa2S-(100-x)GeS2: x = 33% (NG2, left) and
66% (N2G, right). Na atoms are represented in red, and Ge tetrahedra
are light gray.

described below. For the Na-containing systems, the simula-
tion box contains N = 300 atoms with the number of Ge, S,
and Na atoms fulfilling the desired stoichiometry, i.e., NGe =
NNa = 66 and NS = 168 for NG2 (Fig. 1). The simulation box
of GeS2 contained N = 120 atoms, and structure results have
been extensively discussed in Ref. [24]. In the forthcoming,
we use only the appropriate XRD weighted structure func-
tions directly compared to our measurements. A periodically
repeated cubic cell was used, with edges L satisfying the
experimental number density of the corresponding glasses
[3,29], e.g., L = 19.26 Å for N2G. We used DFT in com-
bination with plane-wave basis sets, the electronic scheme
being based on a BLYP functional [30,31] within GGA for
the exchange-correlation energy. The choice of this functional
is motivated by the fact that previous investigations of base
networks have led to a very accurate structural description of
amorphous state [32–35] and especially GeS2 [23,24]. The
electronic structure of the liquids and glasses was described
within DFT and evolved self-consistently during the motion,
with valence electrons being treated explicitly in conjunction
with norm-conserving pseudopotentials to account for core-
valence interactions. The wave functions were expanded at the
� point of the supercell and the energy cutoff was set at 80 Ry.

The starting configurations of the Na-containing glasses
were a random distribution of Ge, S, and Na atoms. Loss
of memory of the initial configurations has been achieved
through preliminary runs at 2000 K over 20 ps with a time
step of �t = 0.12 fs and a fictitious mass of 2000 a.u., be-
fore different equilibrations at 1500, 1200, 900, and 600 K,
each accumulated at 20–30 ps, and finally 300 K for 30
ps. The cooling procedure was performed sequentially, e.g.,
the equilibration at 900 K started from the last configuration
(positions/velocities) obtained at 1200 K, and so on. The pre-
sented results at 300 K are obtained from a statistical average
over 25 ps once the first 5 ps have been discarded. As in
the isochemical sodium silicate structure, the resulting model
structure reveals a network made of tetrahedra (here GeS4/2)
that is disrupted by the Na ions (Fig. 1).

To characterize the bonding and localization properties of
the modified thiogermanates, we used the formalism of the
Boys localized orbitals [36,37] which are calculated as their
periodic system generalization, corresponding to maximally
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localized Wannier functions (MLWF) wn(r):

wn(r) =
J∑

m=1

Umn|�m〉 (1)

and provide an efficient way [38–40] to represent the elec-
tronic distribution around atoms in various materials [41–43].
From the Kohn-Sham states �m, the unitary matrix Unm as-
sociated with the Bloch orbitals is determined by an iterative
minimization of the Wannier function spread � in real space :

� = − 1

(2π )2
cα ln |〈�m|eiG.r|�m〉|2, (2)

where cα are weights assigned to each x, y, z axis, and Gα =
2π/L. The corresponding MLWF centers can then be com-
puted:

r̄w
n = − L

2π
Im[ln〈wn|eiG.r|wn〉]. (3)

These serve below to characterize the nature of the chemical
bonding of thiogermanates.

III. RESULTS AND DISCUSSION

A. Comparison of structure functions

Figure 2(a) displays the calculated and measured x-ray
structure factor, where the former has been calculated using
an x-ray weighted sum of partial correlations Snm(k) in Fourier
space:

S(k) = 〈 f 〉−2
∑
n,m

cncm fn fmSnm(k) (4)

with

〈 f 〉 =
∑

n

cn fn = (1 − x) fGe + 2x fNa + (2 − x) fS, (5)

where the fn and cn represent the atomic form factors taken
as fn = Zn ( fGe = 32, fS = 16, fNa = 11) and species con-
centration, respectively. A k dependence of the form factors
did not lead to significant differences. The partial correlations
have been evaluated from a Fourier transform of the partial
pair correlation functions gnm(r):

Snm(k) = 1 + ρ0

∫
4πr2[gnm(r) − 1]

sin(kr)

kr
dr, (6)

where ρ0 is the system number density accessed from the
experiment [3,29].

For the three compositions, the comparison between the
calculated S(k) [red curves, Fig. 2(a)] reproduces rather well
the present measured XRD total structure factor (black) which
are also consistent with previously XRD measured data for
NG2 [7] and GeS2 [29] as all peaks are nearly reproduced
in position, amplitude, and width, except in the low-k region
of the NG2 composition where the simulation overestimates
the position of the first sharp diffraction peak observed at
k1 = 1.05 Å−1. For NG2 and N2G, the diffraction pattern is
dominated by three peaks found at k1 = kFSDP = 1.05 Å−1,
k2 � 2.16, Å−1, and k3 � 3.68 Å−1, a feature also observed
for another composition (NG [8]). The increase of Na content
induces a progressive decrease of both the peak amplitude
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FIG. 2. Calculated (red) and measured (black) total structure
factor S(k) (a) and pair correlation functions g(r) (b) for GeS2,
NG2, and N2G glasses. In addition, XRD data from Itoh et al. [7]
(NG2 composition, green) and Zeidler et al. [29] (GeS2 composition,
green) have been added.

at k2 and k3 so that the contrast S(k) 	= 1 is significantly
reduced for N2G, this situation being found in simulation and
experiments. A comparison with the data of GeS2 [Fig. 2(a)]
shows that the structure of NG2 is still close to the one of
the base network former, as the general profile is similar with
not only the pattern of the two principal peaks and the FSDP
being close, but also the one found at 6–7 Å−1 and � 9 Å−1.
This result is probably anticipated because NG2 is weakly
depolymerized and Na-based correlations do not contribute
substantially to the total S(k).

We, furthermore, note that the peaks beyond the principal
peak regions are correctly reproduced. A Gaussian decompo-
sition of S(k) has shown that such peaks (k � 6–7 Å−1) result
from well-defined second-neighbor correlations [44]. As the
double-peak distribution in this region tends to vanish with
increasing Na content, it is tempting to relate this feature with
the increase in the Na-related loose neighborhood.
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FIG. 3. Decomposition of the calculated pair correlation function
(red curves, same as Fig. 2) of NG2 (a) and N2G (b) into weighted
partials.

B. Real-space properties

Real-space properties are represented in Fig. 2(b) with the
calculated and x-ray measured pair correlation function g(r),
together with similar experimental results [29] for GeS2 and
NG2 [45]. We note that the main features are reproduced with
excellent accuracy from the simulation for all compositions,
that is, positions and amplitudes of the 2–3 principal peaks
at r1 � 2.20 Å and r2 � 3.65 Å as well an intermediate peak
at r3 � 2.90 Å whose intensity grows with Na content. The
nature of this peak is, indeed, evolving with Na content. In
the base glass, this peak is associated with the presence of
edge-sharing tetrahedra [24]. As depolymerization occurs, the
third peak is progressively linked with the growing presence
of Na-S correlations, which appear to become dominant at
significant Na content (N2G).

An inspection of the weighted partials 〈 f 〉−2 fi f jcic jgi j (r)
permits to analyze in detail the origin of the measured fea-
tures of the total g(r) (Fig. 3). While the base geometry will
remain tetrahedral (see below), which induces intense peaks
at the relevant Ge-S (apex of the tetrahedra, r1 = 2.35 Å)
and S-S (edge of the tetrahedra, r2 = 3.65 Å), the other cor-
relating distances will substantially depend on composition.
At low Na content (NG2), the network remains dominated
by corner- and edge-sharing connections, which respectively
lead to typical Ge-Ge distances that contribute to the peak
at r2 (CS tetrahedra) and, to a much lesser extent, to the
height at 2.94 Å [Ge-Ge correlations arising from ES tetra-
hedra as in the base GeS2 [24], see also Fig. 4(a) below].
An additional contribution arises from the sodium environ-
ment contributing to NBS-Na correlations at nearly the same

FIG. 4. Partial pair correlation functions gi j (r) of NG2 (black) and N2G (red), together with corresponding partials for amorphous GeS2

(green [24]). In (a) is represented a Ge2S6�
6 that leads to a typical Ge-Ge homopolar bond. Ge, S, and Na atoms are colored in yellow, red, and

blue, respectively.
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distance (yellow curves in Fig. 3, 2.94 Å). With increasing Na
content [Fig. 3(b)], such correlations now grow markedly and
mostly contribute to this intermediate peak with an intensity
comparable to the one measured at r2. Additional correlations
now emerge, such as Na-Ge and Na-Na, which directly also
contribute to the peak at r2. These changes, thus, underscore
a dramatic alteration of the base GeS2 network that is depoly-
merized by alkali addition.

1. Partial correlations

Additional insight is provided from Fig. 4, which repre-
sents the partial pair correlations (unweighted in contrast to
Fig. 3) for the three systems of interest. The GeS2 glass ex-
hibits three distinct peaks in the gGe-Ge(r) function [Fig. 4(a)],
which reflects, as previously mentioned, the presence of ho-
mopolar Ge-Ge bonds at the shortest distance (2.46 Å), edge
sharing (at 2.92 Å), and corner sharing (at 3.89 Å), respec-
tively. These features are unambiguously identified from the
isochemical GeSe2 for which full resolution of the partials
using isotopic substitution in neutron diffraction has been
achieved [46]. Although one cannot entirely rule out a possi-
ble effect due to thermal history [47], homopolar Ge-Ge bonds
are specific to thiogermanates and not seen in corresponding
oxides. It is probably also important to emphasize that such
chemical defects might only result from typical base network
features. Silicon oxides and chalcogenides do not exhibit at
all homopolar bonds and, as a result, one does not detect them
in corresponding modified systems such as silicates [48] or
thiosilicates [49]. Conversely, since such defects exist in GeS2

[24,29] and GeSe2 [33], one might expect that thiogermanates
and seleniogermanates such as Na2Se-GeSe2 exhibit them at
select compositions, as also discussed below. The ES-sharing
distance disappears for the glass containing 66% Na2S, which
is independently confirmed by the ring analysis (Sec. III B 5).

The second main outcome is the fact that pair correlation
functions involving the network-forming species [Figs. 4(b)
and 4(c)] display a moderate evolution with Na content, which
reflects that the typical short distances defining the tetrahedra
are maintained, i.e., the Ge-S (2.20 Å) and the S-S distances
(3.60 Å). Conversely, for such partials, the evolution with Na
content indicates that second-order correlations are modified,
e.g., 4.48 Å in NG2 to 5.60 Å in N2G [Fig. 4(b)], and these are
induced by the growing presence of Na-rich subregions [see
snapshot Fig. 1(b)], as also reflected by the emergence of a
typical S-S distance [4.43 Å in Fig. 4(c)] that is linked with the
growing presence of NBS atoms. One, furthermore, notes that
chemical bonding defects reduce with increasing Na content,
i.e., the intensity of the typical S-S homopolar peak observed
[24,29] in GeS2 at 2.23 Å progressively vanishes upon Na
addition. Finally, the reduction of the specific correlating dis-
tance Na-Na for N2G [Fig. 4(f)] reflects the growing presence
of Na ions and the effect of their heterogeneous distribution,
which also manifests in reciprocal space at the intermediate
range.

2. BS versus NBS distances

It is known that silicates display a marked difference in the
Si-O bond length, depending on whether the oxygen atoms
are connecting two Si tetrahedra (a BO atom analogous to

FIG. 5. (a) Calculated distribution of Ge-BS (blue) and Ge-NBS
bonding (red) distances for N2G and NG2 glasses. The electronic
densities (atomic units) in a slice (thickness 0.2 Å) around BS and
NBS atoms are represented in (a). Red-colored electronic densities
are associated with the Na ions.

the present BS atom) or being involved in the vicinity of
a Na ion (nonbridging oxygen, NBO). These features are
observed in crystalline silicates [50,51] and have also been
quantified in simulated glasses [52–54]. In the latter, the bond
distance difference is about 0.08–0.1 Å, i.e., the Si-BO bond
length is slightly longer than the Si-NBO one. For the specific
case of sodium silicates [53] the difference is of about 0.1
Å although such differences continue to be discussed both
from experiments and simulations [48,55,56]. Recently, it has
been shown that in thiosilicates such differences were also
detected [49] albeit with a much smaller difference (0.03 Å).
Therefore, one might wonder if the same features are also
found in thiogermanates.

Figure 5 represents the calculated Ge-BS and Ge-NBS
bond-distance distributions. As in thiosilicates [49] or alkali
silicates [52–54], we also find a bond-length difference in both
NG2 and N2G that is equal to 0.01 and 0.08 Å, respectively
(Fig. 5). We note that, in general, the group IV-BS/NBS bond-
length difference appears to be smaller (see also results on
lithium thiosilicates [49]) when compared to corresponding
oxides, i.e., silicates or germanates. This feature is evident for
the weakly modified GeS2 (NG2), for which the maximum of
both distributions nearly coincides at 2.23 Å.

An additional feature for the NG2 glass consists of a
marked shoulder on the low-r side of the Ge-NBS distribution
at r � 2.1 Å [Fig. 5(a)]. A visual inspection of the atomic
snapshots with their Ge-NBS distances indicates that such
shorter distances are systematically found on Qn (n < 4) tetra-
hedra which are part of an ES motif (distance marked in red in
Fig. 6) in Ek (1 � k � 2) configurations where k denotes the
number of edges shared by a tetrahedron [14]. This identifica-
tion is, furthermore, consistent with the fact that this shoulder
contribution is not found for the N2G composition where ES
motifs are absent [Fig. 4(a)], as also acknowledged from the
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FIG. 6. Snapshot of an atomic fragment of the NG2 glass net-
work showing typical Ge-BS and Ge-NBS distances involved. The
Ge-NBS distances, which are part of an ES (E2 or E1 tetrahedra)
structure, are systematically lower (in red) and contribute to the
shoulder contribution at r � 2.01 Å in the Ge-NBS bond distance
distribution [Fig. 5(a)]. Ge, S, and Na atoms are represented in
yellow, red, and blue, respectively.

ring statistics discussed below. Conversely, E0 motifs (i.e.,
no edge sharing) lead to Ge-NBS distances that contribute
to the main peak at 2.23 Å [Fig. 5(a)]. Here, and although
such differences are found to be smaller as compared to ox-
ides, one still observes a difference for N2G that mimics the
one encountered in silicates or thiosilicates, i.e., the Ge-NBS
distance is slightly shorter (2.19 Å) than the Ge-BS distance
(2.25 Å). The physical origin of this bond distance difference
is common to silicates and thiosilicates. It is linked with the
influence of the alkali ions on the neighboring charges and
the Ge-NBS ion-covalent character of the bonding that modi-
fies the electronic structure of the next-neighbor germanium
atoms. The effect is weaker in sulfide glasses because the
electronegativity difference with Na is smaller [57] (�χNa-S =
1.51 and �χNa-O = 2.37). One thus expects to see charge sep-
aration (i.e., ionic character) reduced with a possible reduced
alteration of the Ge environment. With the small amount of
Na ions in NG2, its, therefore, not surprising that such a bond
distance difference is smaller.

Such a moderate electronegativity difference between the
atoms reflects a delicate balance between electron localization
on the atomic sites involved in ionic bonding and electronic
delocalization, i.e., covalent effects. An inspection of the na-
ture of the chemical bonding via the DFT calculated spatial
distribution of the electronic density reveals several features
that might be responsible for this bond-length difference. Be-
cause of the nondirectional character of the NBS-Na bond, the
electronic density of NBS atoms points essentially towards
the close Ge atom with a relatively well-defined depletion
of the valence charge [contour plot in Fig. 5(a)] with the
(positive) electronic density very well localized on the Na ions
(red). This feature contrasts with the characteristics obtained
for the BS atoms. The p orbitals contribute to the deformation
of the valence charge in a direction perpendicular to the Ge-Ge
line connecting two CS tetrahedra and involves a reduced
depletion (see contour plot).

FIG. 7. Calculated atom-MLWF center correlations for NG2
(broken lines) and N2G (solid lines) as a function of the rescaled
distance r/dGe-S. The snapshot represents the location of the MLWF
centers (blue spheres) on a typical Q1-Q1 dimer.

The second probe regarding BS and NBS differences arises
from the MLWF centers, which capture electronic localization
properties, and the location of such centers (snapshot in Fig. 7)
now also indicates the presence of an apparent link between
electronic charge location and the bonding or nonbonding
nature of the sulfur atom. Because of a Na atom in its vicinity,
charge separation on NBS atoms involves an s-type MLWF,
which corresponds to a lone pair. In contrast, other MLWFs
are found along the Ge-S bonds and correspond to localized
p-type centers involved in the covalent bond. The number
of such MLWF centers differs depending on the nature of
the sulfur atom, BS or NBS, as one finds two and three
MLWFs, respectively. These features are visible once species-
dependent (Ge, S) correlation functions with MLWF centers
gi−X (r) (i = Ge, S) are represented (Fig. 7). For the sulfur
atoms, one acknowledges a dominant peak at r � 0.2dGe-S

which corresponds to the apparent presence of the nonbonding
(lone pair) electrons. Both species then display peaks at dis-
tances of about half the typical Ge-S bond length (Fig. 7). This
can be rationalized by invoking the larger electronegativity of
the S atoms and the resulting electron charge transfer occur-
ring toward the S atoms, leading to a peak at r < dGe-S/2. In
contrast, the opposite behavior is acknowledged for the Ge
atoms (r > dGe-S/2).

As BS and NBS are identified on, e.g., the N2G compound,
the corresponding BS-X and NBS-X pair correlation func-
tions reveal some additional features and indicate a different
electronic structure for the sulfur atoms. While gBS-X has an
amplitude at r � 0.48 Å (r/dGe-S � 0.22) that is larger than
the one of gNBS-X which is consistent with the fact that there
are more MLWF centers around NBS atoms (snapshot Fig. 7),
BS atoms have a specific short-range correlation detected at
r � 0.27 Å (barely seen in Fig. 7). Such subtle differences
in electronic bonding properties might be responsible for the
obtained and observed bond-length differences in silicates,
thiosilicates and the present thiogermanates [49,52–54].
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FIG. 8. Calculated Na pair correlation function for NG2 (black)
and N2G (red). The inset shows the running coordination number
nNa(r). Arrows indicate the location of rmin.

3. Coordinations and Qn speciation

Using the pair correlation functions gi j (r) (Fig. 4 and the
number densities ρ0 [3,29]), we evaluate the total coordination
numbers ni(r) defined by

ni = 4πρ0

∫ rmin

r0

r2gi(r)dr, (7)

the lower integration bound r0 being fixed to 1.9 Å for all
compositions, and the upper bound rmin values chosen as
the value of the first minimum rmin of each gi(r) function
that represents the species weighted correlation function gi(r)
(i = Ge,S, Na), e.g., rmin � 3.40 Å for gNa (Fig. 8). For the
Ge coordination, we find 3.98 and 3.84 for NG2 and N2G,
which is compatible with the obvious tetrahedral character
of the network and also extended x-ray absorption fine struc-
ture (EXAFS) measurements [6], whereas nS = 1.90 for both
compositions. The Na coordination number is less well de-
fined as evidenced by the corresponding coordination number
function n(r) (inset of Fig. 8), which does not display a
plateau behavior (as for Ge or S) resulting from the condition
g(rmin) → 0. For NG2, we find nNa = 5.63, and for the high
Na content, obvious additional contributions (Na-Na) lead to
a poor separation of the first and second shell of neighbors but
using rmin = 3.33 Å we obtain nNa = 5.82. This estimate re-
flects that the Na subnetwork of highly depolymerized glasses
has a loose structuration with features in correlations typical
of high-temperature liquids.

As mentioned above, a convenient means to analyze the
short-range order uses the notion of Qn speciation where n
represents the number of BS atoms as first neighbors of a
central Ge atom. Table I displays the calculated population for
the Na-containing compositions of interest. At low Na content
(NG2), the structure contains a dominant population of Q3

and Q2 species. A certain depolymerization is acknowledged
that manifests by the weak population of Q4 species typical
of the base GeS2 network (7.2%), and much smaller than the

TABLE I. Calculated fraction of Qn distribution (in %) in NG2
and N2G glasses, and compared to various models from the literature
including sodium silicates (NS2 [59,60]).

Q4 Q3 Q2 Q1 Q0

NG2 7.2 34.7 30.2 23.1 4.9
Ideal chemical NG2 model – 100.0 – – –
Random NG2 model [58] 37.9 41.4 16.7 3.0 –
NS2 (29Si NMR) [59] 26.6 68.4 4.8 – –
NS2 (MD) [60] 35.9 44.1 18.6 1.3 –

N2G – – – 41.1 58.9
Ideal chemical N2G model – – – – 100.0

one found in corresponding silicates NS2 [59,60], i.e., 26.6%–
35.9%. In any case, these Qn populations appear not to follow
what would be expected from an ideal chemical model having
100% Q3 and 100% Q0 for NG2 and N2G, respectively, or
from a random model [58]. Here, the apparent increased de-
polymerization that manifests by an increased fraction of Q2,
Q1, and Q0 species concerning alkali silicates might be one of
the structural reasons for the increased conductivity in sulfide
glasses.

Interestingly, for the Na-rich glass one detects homopolar
Ge-Ge bonds in the structure [Fig. 4(a)], and these are typical
of chalcogenide networks such as GeSe2 [33], GeS2 [29], or
ternary Ge-As-Se [61]. Their presence alters the definition
of Qn species (assumed to be 100% heteropolar in oxides
with 100% Si-O bonds for any n). Our statistical analysis
reveals that 30% of the identified Q1 units in N2G (41.1%,
see Table I) contain a Ge-Ge homopolar bond, and define a
(Ge2S6)4� anion [see snapshot Fig. 4(a)]. Such homopolar
anions have also been detected in the parent thiophosphate
system [62] where the presence of (P2S6)4� anions involving a
P-P homopolar bond is supposed to promote ionic conduction.

4. Bond angles

Figure 9 now represents the relevant bond-angle distribu-
tions (BAD) for both compositions, which are also compared
to results [24] for Ge-S-Ge and S-Ge-S of amorphous GeS2

(green curves).
Interestingly, the NG2 compositions display a bimodal dis-

tribution for the Ge-S-Ge BAD [Fig. 9(a)] that indicates the
presence of both CS- and ES-sharing tetrahedra, the peak at
�80◦ being associated with the latter. In contrast, the main
peak at �105◦ is the signature of BS atoms linking the Ge
tetrahedra by corners. This distribution and the S-Ge-S one
[Fig. 9(b)] are found to be very close to the BADs obtained
for the network former (green curves [24]), which signals
that the average topology of the underlying network has not
been substantially modified by the Na ions. Indeed, it pre-
dominantly consists of a connection of GeS4/2 tetrahedra as
detected from the dominant peak found at θT = arccos(− 1

3 ) =
109.47◦. However, we also note the presence of a shoulder
peak in GeS2 [Fig. 9(b)] at �95◦ that is still visible for
NG2 but absent in the NG2 glass. This contribution arises
from the presence of ES motifs, which contain the S-Ge-S
bond angle and lead to an obvious reduction from θT . The
important addition of Na ions (red curves) induces a rather
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FIG. 9. Normalized bond-angle distributions of NG2 (black) and
N2G (red). Some reference BADs (Ge-S-Ge and S-Ge-S) are given
for amorphous GeS2 [24] (green).

dramatic evolution of the Ge-S-Ge BAD, whose average angle
shifts to larger values (average 112◦), in contrast to S-Ge-S
whose average angle remains nearly unchanged and centered
at θT , albeit the BAD profile displays some moderate changes
with composition, as described above. This highlights that the
tetrahedral character of the Ge atoms is maintained even in
the highly depolymerized N2G glass. While Ge-S-Na leads to
broad distributions for both compositions [Fig. 9(c)], which
suggests the variety of environments found for Na atoms in
the vicinity of NBS atoms, the S-Na-S BAD can be analyzed
depending on the nature of the sulfur atoms, BS or NBS.
Figure 10(a) shows the different possible angles that highlight
the possibility for Na to be in a near octahedral environment
given the BAD NBS-Na-NBS profile, which has a broad peak
centered at �90◦ together with a substantial contribution at
180◦. This result matches the Na coordination numbers (nNa �
5–6). These features appear to be close for both compositions,
and a slight shift to smaller angles (�75◦) is acknowledged
for the Na-poor composition (NG2). We note that there is no
fundamental difference with the other BAD NBS-Na-BS. The
further possible distribution [BS-Na-BS, Fig. 10(b)] appears
to be more sensitive to composition, and this arises from the
fact that at high Na content, the BS-Na-BS angle can only be
detected from two connected Q1 units.

5. Rings and voids

We have mentioned earlier that the partial pair correlation
functions and the total calculated or measured g(r) of the
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FIG. 10. Normalized bond-angle distributions of NG2 (black)
and N2G (red) for NBS-Na-NBS and NBS-Na-BS (a) and
BS-Na-BS (b).

base network GeS2 contain ES tetrahedra representing a n = 4
ring. It is instructive to characterize how such medium-range
elements and other rings behave with the above-mentioned
progressive depolymerization of the network. In the related
thiosilicates, such ES fragments have a specific nuclear mag-
netic resonance (NMR) signature [14] that have been analyzed
with composition.

Using a ring-statistics algorithm that builds on a rigorous
investigation of networks generated using simulation (RINGS)
code [63], we have determined from the simulated struc-
tures the concentration of rings of size n � 10 (Fig. 11).
Note that the used cutoff (2.80 Å) permits one to focus only
on rings belonging to the network species (Ge, S). The al-
gorithm is mainly based on the King [64]-Franzblau [65]
shortest-path search to find rings. The statistics over the (Ge,
S) network indicates complete depolymerization of the base
network upon important Na addition. The base network is
dominated in GeS2 by ES and n = 5 and six-membered rings

FIG. 11. Calculated ring fraction in GeS2 [24] (a) and NG2 (b).
Corresponding ring fragments are displayed with Ge and S atoms
colored yellow and red, respectively. A cutoff distance of 2.80 Å has
been used to calculate the ring statistics.
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FIG. 12. Occupied volume distribution in NG2 [(a),(b)] and N2G
[(c),(d)]. From the full distribution, the contributions arising from the
network species (Ge, S) are extracted and appropriately normalized
[(b),(d)].

[24] [Fig. 11(a)], which is nearly consistent with the picture
of the outrigger raft model made of such elementary build-
ing blocks [66] and proposed based on the structure [67] of
the crystalline compound (see discussion [68–70]). Here, the
computed ring ratio for n = 4, 5, and 6 rings is 1:5:5, i.e.,
somewhat different from the one proposed in the outrigger
raft structure, which is 1:2:2 (specifically Fig. 2 in Ref. [66]).
Note that the base glass also contains odd-sized rings resulting
from homopolar Ge-Ge and S-S bonds, as detected from the
corresponding pair correlation functions [Figs. 4(a) and 4(c)].

Adding Na to the base network now modifies the medium-
range order rather substantially. At moderate content [NG2,
Fig. 11(b)], the structure still retains ES and n = 6 membered
rings, but the reduction of odd-sized rings (n = 5 and 7) is
visible and is linked with the obvious reduction of homopolar
defects. At larger content (N2G), we note a complete absence
of rings. Thus, one can conclude that adding Na into the base
network depolymerizes the GeS2 structure and annihilates
the covalent network medium range order characterized by
the ring structures. Given the Qn speciation provided above,
the remaining (Ge, S) structure will be made only of a
small fragments of CS tetrahedra (Q1-Q1 dimers) at large Na
content.

The inspection of occupied volume within a Voronoi tesse-
lation by the atoms provides an additional way of analyzing
the alteration of the network. For each particle [either all
species or only the network-related ones (Ge, S)], a Voronoi
cell can be defined from the region of space closer to a given
atom than any other particle. This is mathematically defined
by requesting that for a given metric space (M, d) and a
discrete set of atomic positions {s1, s2,...}⊂ M, the Voronoi
cell of an atom fulfills

V (si ) = {x ∈ M| d (x, si ) � d (x, s j )} ∀ i 	= j. (8)

The resulting distributions of the occupied volume
(Voronoi cell) are displayed in Fig. 12 for both composi-
tions NG2 [Fig. 12(a)] and N2G [Fig. 12(c)]. These exhibit

a bimodal shape where the Ge atoms’ lowest occupied vol-
ume contribution (17 Å3) arises. Since their relative amount
decreases with Na content, their contribution decreases
substantially for N2G. We then calculate only the occupied
volume distributions for the network species (Ge, S), revealing
a dramatic change between NG2 and N2G. In the former, the
differences in occupied volumes between the whole system
and the network are barely visible [Figs. 12(a) and 12(b)], and
both distributions have almost the same profile. Conversely,
N2G indicates that Na ions occupy essentially large volumes,
of about 27–32 Å3, as the contributions in this volume range
are absent if only network species are considered. This means
that the available free volume for ion motion is more sig-
nificant in such highly depolymerized glasses and cannot be
originated by a change in density, i.e., ρ0 = 0.0403 Å−3 and
0.0420 Å−3 for NG2 and N2G, respectively [3]. The fraction
of available free volume for ion motion can be precisely cal-
culated from the Voronoi distribution and is equal to 26.8% in
NG2 and 49.1% in N2G, i.e., in Na-rich glasses, lots of space
can be used for ionic motion.

C. Diffusivities

Figure 13(a) represents the mean-square displacement
〈r2(t )〉 of the Na particles for the simulated temperatures, i.e.,
from 300 K (blue curve) to 1500 K (red) :

〈r2(t )〉(t ) =
〈

1

NNa

NNa∑
j=1

|r j (t ) − r j (0)|2
〉
. (9)

The usual features of 〈r2(t )〉 are recovered, i.e., a short time
(t � 0.1 ps), the Na motion is ballistic [71] and 〈r2

k (t )〉 scales
as t2. At the same time, a diffusive regime sets in a long time
and elevated temperature and is characterized by 〈r2

k (t )〉 ∝ t .
Although the mean-square displacement at 300 K has been
represented (and 600 K to a lesser extent), the data are, by
all means, useless [8] for the determination of a diffusion
constant as the motion is now trapped in cages that extend
beyond the available computer time limit. This manifests by
a near plateau value at �0.25 Å2, providing a typical length
scale for the cages. For the more elevated temperatures, the
diffusive regime is clearly visible [broken line, Fig. 13(a)] and
can now be characterized by a diffusion constant D, which is
determined from

D = 1

6
lim

t→∞
d〈r2(t )〉

dt
. (10)

An additional feature that is characteristic of modified
silicates [43,72] is the significant difference in dynamics be-
tween the network-forming species and the Na ions [inset of
Fig. 13(a)]. In the diffusive regime, this leads to an increasing
diffusivity difference, up to at least one order of magnitude,
with decreasing temperature [Fig. 13(b)], and provides the
picture of “fast”-moving ions within a frozen network ma-
trix. The representation [Fig. 13(b)] suggests an Arrhenius
behavior for all particles, that is, D ∝ exp[−EA/kBT ] over an
extended temperature range, indicative of a dynamics of ac-
tivated type. An Arrhenius fit over temperatures 900–1500 K
leads to EA = 0.31 and 0.33 eV for the compositions N2G and
NG2, respectively. At low temperature (600 K), a noticeable
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FIG. 13. (a) Mean-square displacement (msd) of Na particles in
NG2 liquids and glasses. The broken line corresponds to the diffusive
behavior at long times (slope of 1 in a log-log plot). The inset shows
the msd of the three species in NG2 at 900 K. (b) Arrhenius plot
of calculated diffusivities in NG2 (black) and N2G (red) liquids
together with select Arrhenius fits (lines) and the corresponding
activation energies EA for sodium diffusivities. Filled circles, open
boxes, and open triangles represent sodium, germanium, and sulfur
data. A data point is provided from a FPMD simulation of NG
supercooled liquid [8] (light blue).

deviation from the high-temperature Arrhenius behavior sets
in that might be the result of a too-short simulation time [see
Fig. 13(a)], albeit the calculation of D has been performed
over the time interval satisfying t > 10 ps and over which
〈r2(t )〉 displays a linear behavior in the log-log plot.

Our diffusivity data appear to be consistent with a rough
evaluation from numerical simulations at 600 K [8] in the
same system but at a different composition [50Na2S-50GeS2,
NG, Fig. 13(b)], and also compatible with a measured sodium
diffusivity from 22Na tracer measurement at a lower tem-
perature, 6 × 10−12 cm2 s−1 for 103/T = 2.23. Other data
from sulfides lead to comparable diffusivities [73,74] such as
GeS2-Ag2S or Na2S-As2S3. A recent simulation of a slightly
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FIG. 14. (a) Measured conductivity at 300 K and activation en-
ergies EA (right panel) with sodium content, together with data from
other modified thiogermanates [4]. (b) Calculated [Eq. (11), filled
circles] and measured (open symbols) ionic conductivity of NG2
(black) and N2G systems (red), together with experimental data for
NG glasses [8] (cyan) and different compositions of NG (brown
symbols [2]) and NG5 (green triangles [12]). An estimate using
the Nernst-Einstein equation and calculated Na diffusivities is also
represented.

different sulfide (sodium thiosilicate) has led to diffusivities
[75] and activation energies (EA = 0.258 eV), which are
also consistent with our estimates. However, the lower
value of EA leads to enhanced ease of sodium diffusion
in Si-based glasses, consistent with the current observation
[76–78] that conductivities in thiosilicates are higher than in
thiogermanates.

D. Experimental conductivities

Figure 14(a) displays the dependence of the measured
electrical conductivity of xNa2S-(100-x)GeS2 glasses at room
temperature. The composition domain varies from very few
percent in cation up to several tenths of a percent (from 0.01%
to 66.6% Na2S). The data clearly show two different conduc-
tivity regimes. The first regime corresponds to conductivity
values of the order of 10−14 �−1 cm−1 for glasses contain-
ing between 0.01% and 1.0% Na2S, and having a network
structure very close to the one of GeS2. An apparent change
in conductivity is acknowledged at about xc � 1.0%. Upon
further addition, an increase of 8–9 orders of magnitude is
estimated for the richest sodium glass (N2G) with a conduc-
tivity value as high as 4.25 × 10−4 �−1 cm−1. The observed
trend with composition [Fig. 14(a)] suggests some thresh-
old behavior with a power law of the form σ � σ0(x − xc)α
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for x > xc for the high conductivity region. The temperature
dependence of the conductivity follows an Arrhenius σT =
σ0 exp[−Eσ

A /kBT ] typical of ionic glassy conductors below
the glass transition temperature [79] [Fig. 14(b)]. A fit of such
conductivity data allows us to determine the preexponential
factor σ0 and the activation energy for ionic conduction Eσ

A .
Figure 14(a) (right axis) represents this activation energy

as a function of sodium content, and Eσ
A decreases with

increasing network modifier. As for the conductivity, two
different regimes (x < xc and x > xc) are observed. Although
the activation energy values are almost constant and equal to
Eσ

A = 0.85 eV for x < xc, these values decrease to 0.44 eV
for the glass that contains the highest sodium content (N2G).
The activation energy for ionic conduction is usually [32] the
sum of a Coulombic contribution Ec (i.e., the energy barrier to
create a free carrier) and migration energy Em that is related
to ionic motion, i.e., diffusion. The comparison of the calcu-
lated activation energy EA for diffusivity [Fig. 13(b)], which
does not vary significantly with Na content, and the one for
ionic conduction Eσ

A permits to roughly estimate an average
Coulomb energy for free carriers. We find Ec = 0.10–0.12 eV
for NG2 and N2G, suggesting a near-independent effect of Na
content on the energy barriers controlling the free carriers. Are
there features specific to sodium thiogermanates? Figure 15
compares our results (red symbols) with the conductivities of
the Ag2S-GeS2 and Ag2S-GeS-GeS2 glasses as a function of
the mobile cation content M (M = Na, Ag). In Ag2S-GeS2

glasses, the conductivity data clearly showed two different
conductivity domains, with a transition behavior involving a
jumplike increase of 4 to 5 orders of magnitude in the conduc-
tivity occurring at about 8 at.% in silver. According to Balan
et al. [80], SEM and electrostatic force (EFM) micrographs
highlighted chemical and electrical heterogeneities related to
phase separation, showing that the change in conductivity
regime occurs when the regions of the Ag-rich phase start
to connect in either (percolation threshold). In contrast, the
conductivity of the (Ag2S)x(GeS)60(GeS2)40−x with different
content in silver does not show any jump in conductivity when
the amount of silver changes and homogeneous glasses were

observed leading to a smooth increase of σ . According to
the trends observed (Fig. 15), the conductivity dependence
of the present Na2S-GeS2 glasses appears to be intermediate
between the two Ag-based systems as there is no conductivity
transition but two different regimes. There might, therefore,
also be aspects of phase separation present in the thioger-
manates, as discussed below (Sec. III E 2) from the numerical
results.

E. Calculated conductivities

The measured conductivities in the glassy state can then be
compared with a direct calculation of σ (T ) from the diffusiv-
ities [Fig. 13(b)] using:

σ (T ) = (e)2

V kBT

∑
j

Z2
j D j (T ), (11)

where V and Zj are the system’s volume, and Zj is the charge
of the species j with diffusivity Dj .

1. Overall behavior

The results are represented in Fig. 14(b) and indicate
that at high temperature, the effect of the Na content is
weak, as both compositions lead to similar values, e.g., σ �
5.0 �−1 cm−1 at 1500 K. Because of the reduction of all
energy barriers, the effect of the network is small. It leads
to similar dynamics for all species [i.e., similar diffusivities,
Fig. 13(b)]. The calculated values are compatible with those
determined experimentally, i.e., an Arrhenius extrapolation of
the low-temperature behavior [broken line, Fig. 14(b)] con-
nects, indeed, the experimental and theoretical data sets. This
qualitative agreement does not take into account the fact that
one usually has an Arrhenius crossover in the glass transition
region (here Tg = 538–551 K [4]), which reflects the fact
that, similarly to other glass-forming electrolytes [79,81–84],
conductivity is enhanced once the underlying network softens
with the reduction of viscosity.

2. Evidence for a channel dynamics

A typical feature of modified network glasses such as alkali
silicates (Na2O-SiO2) is the presence of channel dynamics for
the ions, e.g., Na move along preferential pathways [85,86]
within the structure. The presence of these channels leads
to an obvious signature in quasielastic neutron scattering ex-
periments [87,88], and manifests by a prepeak in the partial
Na-Na structure factor SNa-Na(k) at kPP = 0.9 Å−1. Sodium-
rich regions involve, in fact, a characteristic length scale of
�7 Å detected within a nearly frozen silica matrix. This has
been documented for different compositions, and since alkali
ions break the intertetrahedral Si-O-Si bond and depolymerize
the structure [11], Na clustering emerges and leads to per-
colating channels [89] that are already present [90] for 20%
Na2O in binary sodium silicate glasses. Given that the present
thiogermanates are isochemical (a group IV network former
disrupted by Na ions), it is interesting to verify if there are
also such features that have been characterized from MD sim-
ulations in the oxides [43,90–92]. We follow here the analysis
performed by Meyer et al. [87], and focus on the partial Na-Na
structure factor SNa-Na(k) (Fig. 16), which we find to exhibit a
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FIG. 16. Calculated Na-Na correlations SNa-Na(k) in reciprocal
space for the glasses NG2 (black) and N2G (red). The arrow indicates
the prepeak around kPP = 1.05 Å−1.

well-defined prepeak at k � 1.05 Å−1 for N2G. As for sodium
silicates, the presence of this prepeak is the signature that
some ordering of Na ions occurs and involves a typical length
scale [93] of 7.7/kPP � 7 Å.

Unlike silicates, with low modification (i.e., NG2), there
is no real evidence for Na channels within the thiogermanate
base structure as only a small shoulder is found to the prin-
cipal peak at 1.75 Å−1, and this is compatible with the weak
differences in the structure functions between GeS2 and NG2
(Fig. 2) and a visual inspection of the atomic structure (Fig. 1).
The prepeak now becomes evident at significant Na content
(N2G, red curves) and signals the presence of channels for Na
motion, i.e., features of phase separation at the nanoscale with
evident Na-rich subregions.

F. Vibration density of states

Figure 17 represents the vibrational density of states
(VDOS) for both systems, defined by the Fourier transform
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FIG. 17. Calculated vibrational density of states in NG2 (a) and
N2G glasses (gray zones) together with the contributions from Ge
(red), S (green), and Na (blue).

of the velocity-velocity autocorrelation function 〈v(t ) · v(0)〉:

g(ω) = 1

3NkBT

N∑
j=1

∫ ∞

0
〈v j (t ) · v j (0)〉eiωt dt, (12)

where N , kB, and T are the total number of atoms, the Boltz-
mann constant, and the temperature, respectively.

The VDOS of the GeS2-rich system (NG2) consists of two
broad bands found at ω < 300 cm−1 and 300 cm−1 < ω <

600 cm−1 [Fig. 17(a)] and can be associated with vibrations
of the different species, once the evaluation is performed
individually for Ge, S, and Na atoms. With increasing Na
content, the VDOS shifts to lower frequencies, and the first
band becomes dominant for the N2G system. This is consis-
tent with the fact that lower frequencies are usually associated
with soft (floppy) modes [94] that emerge in such glasses for
x > 20% [11], and the present simulation indicates that these
are associated with Na atoms in N2G [Fig. 17(b)]. Conversely,
the high-frequency band is dominated by the S atoms, and this
feature appears to be nearly independent of composition. The
present results complement those obtained in an early study
of Raman spectroscopy [2,3], and also provide an additional
insight. Here, bands near 340 cm−1 which are very intense
[95] in GeS2 were identified to be related to stretch vibrations
of BS atoms in the thiogermanates. Note that a slightly higher
frequency (�390 cm−1) has been determined [5] for NG2 in
a more recent study, also confirmed independently [6]. This
appears to be consistent with our results as the region between
300 and 400 cm−1 is dominated by the sulfur atoms (green
curves, Fig. 17), and an obvious reduction of their intensity
is acknowledged when moving from NG2 to N2G which is
compatible with the reduction of BS atoms in depolymer-
ized networks. Similarly, the observed high-frequency bands
(�480 cm−1) were found to shift [2] to lower frequency be-
tween 33Na2S-67GeS2 to 60Na2S-40GeS2, and this effect is
also detected as a global reduction of the S-related VDOS is
acknowledged between NG2 and N2G. The recent Raman and
infrared spectroscopic data [5] also assign high frequencies
(�465 cm−1) to NBS stretching vibrations.

IV. SUMMARY AND CONCLUSIONS

Here, we have investigated experimentally and theoret-
ically the structural, dynamic, and electric properties of
different compositions in the GeS2-Na2S amorphous system,
which serves as a base material for glassy electrolytes and
might represent a very promising candidate for all-solid-state
battery applications. In contrast to their oxide counterparts,
sodium germanates, which have received considerable atten-
tion, such glassy materials received only a limited one, the
investigation of conductivity tracing back to the beginning
of the 1980s [3]. Recent experimental effort [7,8] and the
discovery of the superionic nature of LGPS (Li-Ge-P-S)-type
materials [96] (Li10GeP2S12) using a combination of GeS2

and P2S5 have brought a renewed and stimulating attention to
the alkali-related binaries such as Na2S-GeS2 or Li2S-GeS2

[45].
Adding Na2S into the base GeS2 glass induces various

structural changes that have been characterized by a combina-
tion of x-ray scattering, first-principles molecular dynamics,
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and electric measurements. Results indicate a deep network
modification between 33% (NG2) and 66% (N2G) added
Na2S. While the former displays structure functions [S(k)
and g(r)] which are still similar to those of the base network
GeS2 and reveal a network character that is nearly maintained,
the latter leads to a complete disruption with vanishing of
medium-range elements (rings) and the promotion of voids
that will facilitate conduction. The tetrahedral character of
Ge atoms remains unchanged with a Qn speciation similar to
that of corresponding oxides or thiosilicates. Upon evolution
from a Q4 network (GeS2) to a nearly Q0 network (isolated
molecules), the connection between the Ge tetrahedra is sub-
stantially modified with a collapse of ES elements and the
presence of some dimer CS fragments in N2G, together with
the presence of homopolar Ge-Ge bonds.

Conductivity results indicate that N-G glasses display a
threshold behavior at very small composition, typically 1%
Na2S, similarly to other sulfide glasses, and then evolve as a
power law up to about 10−4 �−1 cm−1 at 66% added Na2S.
These ultimate values for highly depolymerized glasses are
slightly lower than those found in other modified sulfides
[4]. With temperature, the conductivities display an Arrhenius
behavior and eventually extrapolate to the values calculated in

the liquid state from the molecular dynamics simulations. The
nature of the dynamics is probed using the latter. It reveals
that motion through channels has a structural signature, the
significant increase of free volume accessed from a Voronoi
analysis being probably responsible for the increase observed
in glass conductivity between 33% and 66% added modifier.
Taken together, these results appear now helpful in decoding
isochemical (Na2S-SiS2) or other analogous glassy materials.
They might also help to understand more complex glassy
electrolytes using mixed modifier or network former, such as,
e.g., Li2S-GeS2-P2S5 or Na2S-SiS2-GeS2.
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